Abstract: In order to have a comprehensive evaluation and classification of the natural biota of Lake Pamvotis, the present study aims at investigating shrimps' bionomic traits. Information on shrimps' habitat preferences, abundances, and syntopic species in relation to the physicochemical profile of the lake's water are investigated for the first time. The study was carried out on a bi-monthly base, at six littoral sites of the lake. Samples' study from different habitats and seasons revealed that the freshwater shrimp Atyaephyra thyamisensis was the most abundant species, accounting for 44.76% of the total taxa catch, while the grass shrimp Palaemonetes antennarius was less abundant (7.54%). Syntopic fish species in the littoral zone of Lake Pamvotis such as Economidichthys pygmaeus, Gambusia holbrooki, Knipowitschia caucasica and Rutillus panosi showed interannual differences with abundances of 24.12%, 19.13%, 4.26% and 0.20%, respectively. Correspondence analysis revealed clear patterns between species and stations. A. thyamisensis was predominant in shallow, well oxygenated water bodies rich with aquatic vegetation, but it was absent from deeper habitats. P. antennarius was found mainly in lentic water bodies, rocky substratum and deeper habitats. Taking into account the high ecological importance of the freshwater shrimps in ecosystems' energy flow, ecological and biological data of lake's shrimps are discussed and presented thoroughly. Threats and conservation measures for both shrimp species are debated also in detail.
Introduction
Among the macroinvertebrates, the freshwater caridean shrimps account for approximately a quarter of all described Caridea, numerically dominated by the Atyidae and Palaemonidae (De Grave et al. 2008 ). These two major families are represented up today by five species in Greek freshwater ecosystems: the freshwater shrimps Atyaephyra acheronensis Christodoulou et al., 2012 , A. stankoi Karaman, 1972 , A. strymonensis Christodoulou et al., 2012 and A. thyamisensis Christodoulou et al., 2012 and the grass shrimp Palaemonetes antennarius (H. Milne-Edwards, 1837). The only published information on the freshwater Greek shrimp fauna is focused on zoogeography, taxonomy, morphometry and karyological analysis (Anastasiadou et al. 2004 (Anastasiadou et al. , 2009 Anastasiadou & Leonardos 2008 , 2010 García Muńoz et al. 2009; Christodoulou et al. 2012) , while bionomic studies are lacking at all. But, as it has been recorded in previous studies, the freshwater shrimps play a crucial role in ecosystems, occurring in a variety of habitats (De Grave et al. 2008 ) and transferring energy from lower levels of the trophic chain (detritus, phytoplankton and riparian vegetation) to higher ones (carnivorous fishes) (Meurisse-Genin et al. 1985; Fidalgo 1989; García-Berthou & Moreno-Amich 2000; Fidalgo & Gerhardt 2002; Duarte et al. 2012) . Especially Atyids, apart from filtering out suspended matter (phytoplankton, small zooplankton or organic matter from the water column) by means of the setose mouthparts (Shram 1996) , use additionally the feeding chelipeds, which bear characteristic tufts on the tips, for the detritus and microbial film collection (Fryer 1960; De Grave et al. 2008) . Duarte et al. (2012) also emphasize to the feeding plasticity of the family's species, indicating its crucial role in plant litter breakdown in lotic habitats. On the other hand, Palaemonids demonstrate agonistic interactions and predation via enlarged second chelae (De Grave et al. 2008) . Especially for certain species of the family, such as A. desmarestii, has been reported that demonstrates high adaptability in physicochemical fluctuations and in colonizing new habitats (Cottiglia 1983; Fidalgo 1985 Fidalgo , 1989 Van den Brink and Van der Velde 1986; Gottstein Matočec & Kerovec 2002; Gottstein Matočec et al. 2006 and references herein) and has been proposed as food resource in the aquaculture of freshwater fishes (Fidalgo & Gerhardt 2002 ). Although their possible economic value as food resource, and their high ecological importance, A. thyamisensis and P. antennarius are the only shrimps of Lake Pamvotis contributing to the enrichment of lake's biodiversity.
Lake Pamvotis is a Mediterranean shallow lake, which has been recorded among the oldest lakes in Europe, including L. Scutari, L. Ohrid and L. Prespa, formed during the late Miocene to the Pliocene pe-896 C. Anastasiadou et al. (Tzedakis et al. 2002) . From the biogeographical point of view, the lake belongs to the South AdriaticIonian Division of the Balkan Peninsula (Economidis & Banarescu 1991) and demonstrates a freshwater fauna, which recently, has been recognized as globally significant (Krištufek & Reed 2004) , calling therefore for its conservation. The ecosystem is listed in Natura Special Conservation Areas (Habitats Directive EC, 92/43) (Dafis et al. 1997) and plays an important hydrological and ecological role for the north-western part of Epirus, remaining a refugee for many vertebrate and invertebrate animals (Krištufek & Reed 2004; Frogley & Peerce 2004; Kagalou et al. 2006) . To date, numerous informative studies are available on the trophic and pollution state, plankton, aquatic vegetation, benthos and fishes of Lake Pamvotis (Kagalou et al. 2006 and references herein; Leonardos et al. 2008 ). The only missing data concern the biological and ecological traits of Lake Pamvotis' shrimps. This fact represents a gap of knowledge that is necessary to overcome taking into consideration the important role of shrimps to the maintenance of ecological integrity of aquatic ecosystems. In order to have a comprehensive evaluation and/or classification of the natural biota of Lake Pamvotis, the present study aims at investigating shrimps' bionomic traits. Information on shrimps' habitat preferences, life cycle, abundances and syntopic fish species in relation to the physicochemical profile of the lake's water should allow us to design a better future monitoring and conservation planning.
Material and methods

Field samplings
The present study was carried out on a bi-monthly base from October 2005 to October 2006. Six sampling stations (St. 1, St. 2, St. 3, St. 4, St. 5 and St. 6) in Lake Pamvotis were established as monitoring sites (Fig. 1, Table 1 ). Water physicochemical parameters (temperature, pH, conductivity and dissolved oxygen) were measured in situ by means of portable instruments (YSI 550A Oxy-meter and YSI Model 63 pH-meter). From each sampling station, sediment samples were collected using a P.V.C core of 130 cm high and with a diameter of 10 cm for sediment characterization. Percentage vegetation coverage was measured also in situ covering a surface of 4 m 2 from each sampling station. Aquatic vegetation samples of each taxon were collected and preserved in formalin solution 4% for taxonomic purposes. Shrimp and fish samples were collected by means of a hand net, with a frame of 30 cm X 35 cm and a mesh size of 2 mm. Because of the considerable agility of the individuals and in order to obtain semi-quantitative samples, a constant capture effort during 20 min on a certain surface (2 m 2 ) (modified from Fidalgo 1989) has been stipulated. All the collected material were fixed in 10% formalin and transferred to the laboratory. 
Laboratory analyses and statistics
Substrate samples were dried in furnace at 100
• C, sieved, analyzed and categorized according to particle size (clay <0.005 mm, mud from 0.005 to 0.05 mm, sand/mud from 0.05 to 0.25 mm, sand from 0.25 to 0.85 mm, sand/pebbles from 0.85 to 9.5 mm and rocks >9.5 mm), and expressed as percentage of dry weight (% d.w.). Shrimp and fish specimens were identified by means of specialized keys (Holthuis 1993; Kottelat & Freyhof 2007) . For shrimp specimens, the carapace length (CL) was measured from the level of the orbit to the posterior margin of the carapace (to the nearest 0.1 mm) using a digital caliper. The body weight was estimated (to the nearest 0.1 mg) by means of an electronic balance. Each individual was sexed and classified into one of the following categories: males (M), non-ovigerous females (NOF) and ovigerous females (OF). The sex determination was based upon macroscopic features such as the presence (male) or absence (female) of the male appendix on the second pair of pleopods.
Chi-square analyses were used to evaluate if the sex ratio differed significantly from 1:1 for A. thyamisensis and P. antennarius overall and for the bi-monthly samples.
The relative numerical and percentage abundance of each species were determined in a bimonthly base. The Shannon-Wiener diversity index (H ), was calculated by H = Σpi ln pi, equation, where pi is the number of individuals of each species.The Pielou Equitability Index (J ) was calculated by J = H / ln S equation, where S is the total number of species and H is the Shannon-Wiener function. Size frequency histograms and plots were created in Microsoft Excel 2010. Correspondence analysis (CA) was used to describe the variation in abundance of shrimp and fish assemblages at each habitat. For community ecology data, CA generally performs better than principal component analysis (Braak 1987) . Correspondence analysis was performed using PASW Statistics 17 for Windows (SPSS Inc., Chicago, IL, USA).
Results
Bi-monthly values of water physicochemical parameters of the littoral zone of Lake Pamvotis are shown in Figure 2 , while the substrate composition per station is given in Figure 3 . Variability, among sites indicates quite distinct temporal and spatial trends. Temperature varied from 3.3
• C (St. 6) in February to 28
• C (St. 6) in June, showing the expected seasonal pattern with some differences between the sampling stations especially in June ( Fig. 2A) . Dissolved oxygen fluctuated between 1.44 mg L −1 observed in August at St. 5 and 12.7 mg L −1 in October (St. 3) (Fig. 2B) while pH values ranged from 6 in December at St. 1 to 9.02 in August at St. 6. Higher pH values were observed in late summer whereas lower pH values were recorded at winter (Fig. 2C) . Conductivity fluctuated between 195.6 µS cm −1 in December at St. 1 and 408 µS cm −1 in June (St. 4) (Fig. 2D ). At most sites the predominant substrate was made of rocks although sand/pebbles were also dominant at St. 2 (Fig. 3) . Stations 1 and 6 had various substrate compositions, predominated by mud and clay (Fig. 3) . Re- garding the vegetation's presence and coverage, Figure 4 , presents the recorded species in each sampling station and their respective percentages. Among the sampling stations, only St. 1 presents the free floating Lemna minor, while the floating leaved Nymphoides peltata is present in Sts 1, 2 and 5. The emergent macrophyte Phragmites australis is the most common species with a high representation around lake's shore, presenting also dense reed beds in numerous sites. Station 5 demonstrates the richest macrophytic assemblage in comparison to the other stations but with low coverage (Fig. 4). A total of 3,570 individuals of shrimp and fish species were collected from Lake Pamvotis, representing a total of six species and five families. The percentage abundance of individuals collected bi-monthly is shown in Figure 5 . In total, A. thyamisensis was the most abundant species, accounting for 44.76% of the total catch. Economidichthys pygmaeus (24.12%) was ranked secondly, followed by Gambusia holbrooki (19.13%), whereas P. antennarius (7.54%), Knipowitschia caucasica (4.26%) and Rutillus panosi (0.20%) were less abundant. Generally, the collected species inhabit in the littoral zone of Lake Pamvotis except R. panosi which is a pelagic species that migrates to the littoral zone to spawn. A. thyamisensis was caught with variable numbers but with relatively high abundance in each habitat and on each sampling date (Fig. 5) .
A total of 1,598 individuals of A. thyamisensis was collected and analyzed: 658 males (41.15%), 762 nonovigerous females (47.72%) and 178 ovigerous females (11.13%). The overall sex ratio of females to males was 1.43:1, diverging significantly from 1:1 (χ 2 = 50.09; P < 0.001). Monthly sex ratio (Table 2) ovigerous females from 2.63 to 8.32 mm and of ovigerous females from 5.41 to 7.75 mm (Fig. 6) . Males predominated the first size classes (<5 mm CL) during almost the entire study period with the exception of August when non-ovigerous females were more numerous. From size class 5.01-6 mm, the proportion of NOF and OF increased and outnumbered males reaching 100% in the last classes (7-8.5 mm) (Fig. 6) . Ovigerous females were recorded between February and August, peaking in June with 87.18% of all collected females during this month (Fig. 7) .
A total of 269 individuals of P. antennarius was analyzed; 91 (33.83%) were males and 178 (66.17%) females. The overall sex ratio was statistically in fa- vor to females (F:M = 1.96:1) (χ 2 = 28.14, P < 0.001). Monthly sex ratio was 1:1 during almost all the year (Table 2) , except in April when females were significantly more abundant than males (χ 2 = 55.23, P < 0.001). The CL of males ranged from 4.32 to 9.55 mm and of females from 4.56 to 12.53 mm (Fig. 8) .
Males predominated the first size classes (<7 mm CL) during almost the entire study period and had a narrow range distribution while females were more numerous in big classes with a wide range distribution (Fig. 8) .
The patterns of variation for diversity (H ) and evenness (J ) indexes among stations are reported in Figure 9 . Values were remarkably uniform and illustrate the resilience of littoral zone species to major environmental changes. The diversity indexes displayed higher values in Sts 1-3 during autumn and winter with Sts 4-6 being higher in spring and summer (Fig. 9) . The lowest values of H were observed in Sts 5 and 6. Pielou's evenness index indicated that the community was more evenly distributed in Sts 2 and 4 (Fig. 9) .
Correspondence analysis (CA) revealed clear patterns between species and stations (Fig. 10) . Dimensions I (DI) and II (DII) of CA cumulatively explain the 87.1% of the variation. DI distinguishes P. antennarius and G. holbrooki from the other species. P. antennarius occupied mainly habitats with high water in- flows and rocky substrate in the northern part of the lake (St. 5). G. holbrooki was dominant in Sts 2 and 6. Both species seem to prefer deeper habitats. DII separates E. pygmaeus, K. caucasica, R. panosi and P. antennarius from the others. E. pygmaeus and K. caucasica were found mainly in the western part of the lake (Sts 1 and 3) . Their habitats are characterized by pebbles, mud and macrophytic vegetation of Lemna minor, Nyphoides peltata and Phragmites australis. A. thyamisensis was prevalent in shallow habitats with rich aquatic vegetation, slow flowing and well oxygenated waters. R. panosi position is uncertain because it was captured only once in June 2006 during the reproductive season.
Discussion
The shrimp P. antennarius is an euryhaline species, inhabiting freshwaters and estuarine habitats (Parry & Potts 1965; DallaVia 1983 DallaVia , 1986 Gottstein Matočec & Kerovec2002; Gottstein Matočec et al. 2006; Anastasiadou et al. 2009 ). Its well established population in the lake can possibly be attributed to a succession of events. Lake Pamvotis was connected in the past with Kalamas River, through an ex-lake (Lapsista). This fact allowed the arrival of many rheophilic species in the lake, including P. antennarius. After the drainage of Lake Lapsista and thus the disconnection with Lake Pamvotis, the landlocked species population possibly had the opportunity to adapt to the lake's ecosystem. Similarly, P. antennarius has invaded Lake Voulkaria (personal observations), by the Ionian coastline via artificial channels. Our data show that P. antennarius seems to prefer lentic habitats where water temperature is rather stable and the substrate is muddy. It was found also in deeper habitats due to its high migratory activity. Dalla Via (1986) attributed these migrations to the fact that P. antennarius leaves occasionally the stands of macrophytes to search for food, avoiding the fluctuations of pH values during the day. It was dominant at sites with low or without water fluctuations (St. 5) which are characterized by the presence of dense reed beds. A. thyamisensis prefers habitats with rich aquatic vegetation and well oxygenated waters. It is a phytophilous species, as well as A. desmarestii (Fidalgo & Gerhardt 2002) and it seems to prefer macrophyterich waters which serve as a shelter and food resource (Gottstein Matočec & Kerovec 2002) . Due to its specialized setose chelae that when open spread a filter-fan, these atyids can collect diatoms from the mud substrata and small organic particles from the aquatic vegetation (Schram 1986) . It was dominant and numerous at sites with submerged plants but it was also found in habitats with low plant biodiversity such as stands of emergent macrophytes (Phragmites australis and Typha angustifolia). As its relative A. desmarestii, A. thyamisensis seems to be a eurythermal species it can easily adapt to the temperature fluctuations that characterize shallow habitats, having no need to migrate towards deeper habitats (Van den Brink & Van der Velde 1986; Fidalgo & Gerhardt 2002) .
In general, littoral species were most abundant during summer and autumn. In contradiction to other freshwater shrimp species which are reproduced all over the year (Gualberto et al. 2012 ) Lake Pamvotis' shrimps demonstrated an intense reproductive activity during the spring period. The same has been reported for some lake's fishes (Gkenas & Leonardos 2012; Gkenas et al. 2012) . R. panosi also appeared in the lake's littoral zone during the spring period. This can be attributed to the fact that although R. panosi spawning grounds are found far away from the littoral zone, it follows gynogenetic Gibel carp (Carassius gibelio) females in order to contribute to its reproduction as a sperm donor. On the other hand, during winter the Shannon index was lower, and the littoral zone less populated. A similar seasonal variation in the total abundance of gobiid assemblage of the Venice Lagoon is also recognizable (Malavasi et al. 2005) . The high abundance of animals in vegetated areas and its positive relationship with the macrophyte presence suggests that littoral habitats are important for refuge and feeding purposes. Shrimp and fish communities' composition and distribution within Lake Pamvotis are influenced by different habitat types. Habitat use patterns can represent responses to structural features such as substrate and vegetation (Tonn & Paszkowski 1986) . Substrate complexity and vegetation presence contribute to habitat differentiation. Vegetated habitats are the most diverse sites because they contain invertebrates usually with high densities (Paukert & Willis 2002) .
Existing shrimp populations are threatened by numerous factors, such as deterioration or fragmentation to loss of habitat, water pollution, and planned anthropogenic activities such as introduction of fish, flood control, agriculture and circum-lake demotechnic and demographic development. All the mentioned threats can become more intensive due to the morphological features of Lake Pamvotis, which is a small and shallow lentic ecosystem. Additionally, lake's littoral zone is characterized by high water level fluctuations due to the widely practiced periodic burning of the reed beds (Phragmites australis), vegetation cutting by machines and construction of dikes along the northern shoreline. The water level falls to approximately 1.5 m below the full supply level (470 m above the sea level) because of the high evaporation, irrigation and no surface inflows, affecting significantly the littoral benthic fauna (Kagalou et al. 2003 (Kagalou et al. , 2006 . The severe water fluctuations have as a result, occasionally vegetation loss and refugees' extinction, which can represent negative effects especially for the shrimp species. These negative effects coupled with the previous mentioned treats can lead to a generalized degradation of lake and shrimp communities.
Our data reveal that introduced fish species have expanded along the littoral zone. From the 1930s through the 1990s, 20 alien species were introduced into Lake Pamvotis for controlling eutrophication and/or enhancing the fishery. During the last three decades the fish fauna of the lake has shifted from the native, clear water species to predominance of introduced species, mainly those adapted for turbid eutrophic water such as R. panosi, C. carpio and C. gibelio, and several Asian cyprinids . The current fish assemblage in the lake is dominated by introduced species particularly the Mosquitofish (G. holbrooki) and the Lourogobios (E. pygmaeus) in the littoral zone, the benthopelagic allogynogenetic Gibel carp (C. gibelio), and the opportunistic Trichonis roach (R. panosi). The introduction of non-native species led to significant modifications to the littoral zone profile (vegetation grazing from cyprinid fish species and habitat loss) and to the lake's food webs by altering its trophic structure .
The objectives of a complete recovery plan are focused on the protection and management of freshwater shrimps' populations and habitat once the threats are removed and lake's restoration has been completed. Taken into account the results of the present study the idea of a complete recovery program for Lake Pamvotis should be focused on the protection and management of the freshwater shrimps' populations and their habitats (Foley et al. 2012) . In this sense, established monitoring and evaluation of A. thyamisensis and P. antennarius populations along with assessment of the effectiveness of various conservation efforts via habitat conservation could be important measures for conserving lake's biodiversity by fulfilling the ecological requirements of shrimps. These two freshwater shrimps contribute significantly to the ecological integrity of lentic ecosystems due to their feeding plasticity and their potential role in plant litter breakdown. Moreover, increasing public awareness and involvement in the protection of freshwater shrimps and native cohabiting species, along with the prevention of further spread of invasive fishes should be long-term objectives for Lake Pamvotis' recovery and conservation.
